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THE STUDY OF the physiological regulation of total body energy storage has been greatly stimulated with the discovery of leptin, the 16,000 relative molecular weight hormone product of the ob gene (40) . Produced by adipocytes (40) and placenta (21) , leptin is intimately associated with the regulation of body weight. In rodents, chronic and acute physiological roles have been ascribed to leptin. Chronically, leptin fulfills the role of an adipostat, a sensor of body adiposity. The adipostat role is based on the strong association between leptin gene expression, circulating leptin levels, and percent body fat (10, 18, 20, 37) . Leptin receptors (5, 6) are found within the hypothalamus, the center that controls appetite and metabolic rate. Furthermore, when given exogenously, leptin has been shown to inhibit feeding, diminish body fat, and increase metabolic rate (4, 13, 29, 30, 39) .
Leptin may also act acutely on several physiological and metabolic pathways that regulate appetite (satiety) and energy expenditure. To be acutely responsive in vivo, hormone secretion must react to physiologically relevant stimuli. In fasted rodents, leptin levels fall at a rate that cannot be accounted for by the loss of body fat alone (33) . Within 2-3 h of ingestion of chow (36) , the intravenous infusion of total parenteral nutrition, or the intravenous infusion of glucose (17) , adipocyte leptin mRNA and circulating hormone levels rise. The regulation of acute leptin secretion is incompletely understood. Much evidence points to insulin as a hormone that regulates the starvation and mealinduced modulation of leptin levels. For instance, circulating leptin levels decline in streptozotocin-treated rodents, but leptin levels increase when the animals are given insulin (33) . Incubation of cultured rat adipocytes with insulin results in increased leptin gene expression (41) and secretion (1) . In addition to insulin, a few studies have suggested that glucose regulates leptin gene expression and secretion. Mizuno et al. (24, 25) found that leptin gene expression correlated better with plasma glucose than with plasma insulin in mice injected with glucose intraperitoneally. Mueller et al. (26) have demonstrated that the metabolism of glucose is necessary for leptin release from cultured adipocytes. In the latter study, the glucose-mediated release of leptin from adipocytes was most apparent after 24-72 h in culture.
In the present investigation, we sought to better define the regulation of leptin secretion from rodent adipocytes. We will present evidence that supports the hypothesis that leptin secretion is dually regulated. Spontaneous leptin secretion is dependent on the amount of the hormone synthesized; the quantity of leptin release is generally not dependent on intracellular calcium flux. Acute leptin secretion depends on the availability and metabolism of energy substrate; the quantity of hormone released varies with intracellular calcium flux.
METHODS
Release of leptin from cultured rat adipocytes. All animals were humanely treated, and the experimental protocols were reviewed and accepted by the Institutional Animal Care and Use Committee at Virginia Commonwealth University. Male Sprague-Dawley rats (150-500 g; Harlan Sprague-Dawley, Indianapolis, IN) were anesthetized with Metofane before decapitation. For our experiments, we chose to study isolated adipocytes from the epididymal fat pad. This fat is easily accessible and is metabolically active; leptin gene expression from this site has been shown to be modulated by fasting, refeeding, and by insulin (25, 33) . Leptin gene expression from epididymal fat is similar to expression in other fat stores (14, 20) . Finally, leptin release from isolated adipocytes from epididymal fat has been studied previously (1, 26) . Epididymal fat pads were dissected away from the epididymis and other connective tissue. Epididymal fat pads are composed of a heterogeneous population of adipocytes. We have found that leptin release from adipocytes located near the tip is not responsive to the leptin secretagogues insulin and glucose. Therefore, we cut the epididymal fat pad in approximately two equal halves and discarded the distal half. The fat pad located at the base was minced and incubated with 2.5 mg/ml of collagenase, as described by Rodbell (32) and modified by Marshall (19) . After being filtered through a mesh and washed, the adipocytes were pooled, divided into equal aliquots, and incubated in a 37°C incubator (5% CO 2 ) in a defined medium, as detailed in the Leptin response sections in METHODS. Unless otherwise indicated, the volume of medium added was equal to the volume of pooled cells. Animals of similar size were used in similar experiments because cell size varies directly with fat stores of the animal (15) . Because of this, cell concentration varied according to the size of the animal. In experiments with ϳ200-g animals, the concentration of cells was ϳ5 ϫ 10 6 cells/ml (as determined by hemocytometer). In experiments with 400-g animals, the concentration of cells was ϳ3 ϫ 10 6 cells/ml. After various times of incubation, 200 µl of medium were withdrawn, and leptin levels were measured with the Rat Leptin RIA kit as described by the supplier (Linco Research, St. Charles, MO). The limit of sensitivity and linearity for the rat leptin assay is 0.5 and 50 ng/ml, respectively. The interassay variation for the leptin assay at 1.6 ng/ml (quality control 1) was 2.5%.
Leptin response to glucose and other intracellular energymodulating substrates. Pooled isolated adipocytes from the base of epididymal fat pads were divided equally and incubated in base DMEM (D5030; Sigma) at a concentration of 500 µl of cells in 500 µl of medium. The base DMEM is identical to complete DMEM (D5523; Sigma) but contains no glucose, pyruvate, or L-glutamine. Because glucose and pyruvate were independent variables in this experiment, they were eliminated from the medium as energy sources. All media were supplemented with 0.5% FBS, 10 mM HEPES, 2 mM L-glutamine, and 5 mg/ml BSA (fraction V; Sigma). The cells were then incubated without or with 100 ng/ml of insulin in the absence or presence of various concentrations of D-glucose (5, 15, or 25 mM) or 25 mM concentrations of L-glucose, galactose, fructose, alanine, pyruvate, and 2-deoxyglucose (2-DG). The concentration of insulin was chosen to maximally stimulate glucose uptake. However, other sources of energy were present in the medium, including the 2 mM L-glutamine and other amino acids present in DMEM. After 4 h, 100 µl of medium were withdrawn to assay for leptin concentration.
Leptin response to extracellular and intracellular calcium. Pooled isolated adipocytes from the base of the epididymal fat pad were divided equally and incubated in a calcium-free MEM (M4767; Sigma) at a final concentration of 1.4 ml of cells in 1.4 ml of medium. All media were supplemented with 1 mM pyruvate as an additional energy source. After 1 h, leptin concentration was measured in the calcium-free medium. Next, equal volumes (200 µl) of either MEM alone, MEM and glucose plus insulin, MEM and calcium, or MEM, glucose, insulin, and calcium were added. To bind trace concentrations of calcium, EGTA (100 µM) was added to each solution. Final concentrations were 25 mM glucose, 100 ng/ml insulin, and 1 mM calcium. Leptin concentrations were measured at various times after the addition of substrates, hormones, and ions.
To determine the effect of intracellular calcium flux on leptin secretion, pooled isolated adipocytes were incubated without or with the intracellular calcium chelator 1,2-bis(2-aminophenoxy)ethane-N,N,NЈ,NЈ-tetraacetic acid (BAPTA)-AM (20 µM) for 1 h in complete DMEM. The cells were then washed, divided equally, and incubated with complete DMEM supplemented without and with glucose (25 mM) plus insulin (100 ng/ml). The final concentration was 500 µl of cells in 500 µl of medium. After 4 h, the leptin concentration in the medium was measured.
Leptin response to potassium and calcium channel modulators. Pooled isolated adipocytes from the base of the epididymal fat pad were divided equally and incubated in base DMEM. The final concentration was 0.5 ml of cells in 0.5 ml of medium. The medium was supplemented without or with glucose (25 mM) plus insulin (100 ng/ml) and without or with various concentrations of the ion channel modulators glibenclamide, diazoxide, nimodipine, verapamil, cadmium chloride (CdCl 2 ), and nickel chloride (NiCl 2 ). After 4 h, leptin concentration was measured in the medium.
Measurement of intracellular ATP concentration. Intracellular ATP was measured with an ATP bioluminescence assay kit according to the instructions of the supplier (cat. no. 1 699 695; Boehringer Mannheim). In brief, ϳ10 6 adipocytes/ml were lysed in lysis reagent, and, after the centrifugation, aliquots of supernatant were diluted in buffer supplied in the kit. The luciferase reagent was added 1 s before a 5-s measurement in the luminometer, as described by the supplier. The test principle of the assay is that luciferase from Photinus pyralis (American firefly) catalyses D-luciferin in the presence of ATP and oxygen to oxyluciferin, P i , AMP, carbon dioxide, and light. Light photons were measured by a luminometer and were compared with a standard curve to calculate ATP concentration.
Northern blot analysis. Isolated rat adipocytes were incubated in DMEM, 10 mM HEPES, 0.5% BSA, and 5 mg/ml BSA in the absence and addition of D-glucose, as indicated in text and Figs. 1-8. Total RNA (15 µg) was applied to a 1% agarose-2 M formaldehyde denaturing gel according to standard procedure (7) . After electrophoresis, the RNA was transferred to a nylon membrane (Hybond-N; Amersham) by capillary action and fixed by ultraviolet light cross-linking. Either leptin or cyclophilin (control) cDNA probes were radiolabeled with [ 32 P]dCTP by random primer extension according to the instructions of the supplier (Boehringer Mannheim). Hybridization was performed in a solution as described by the supplier. After 24 h of incubation at 65°C, the filter was washed two times for 5 min at 65°C in 2ϫ SSC (20ϫ ϭ 2 M NaCl and 0.3 M sodium citrate, pH 7.0) and 0.1% SDS and subsequently one time in 1ϫ SSC and 0.1% SDS for 15 min at 65°C. The filter was exposed to a phosphorimager (Phosphorimager SF; Molecular Dynamics) cassette overnight, and photons from the appropriate bands were measured. Cyclophilin gene expression was a good control; cyclophilin mRNA levels did not vary between any of the experimental groups and controls.
The leptin cDNA probe was synthesized from rat adipocyte RNA by RT-PCR. First-strand cDNA synthesis of total RNA was catalyzed by Superscript II, as described by the supplier (Life Technologies). The cDNA was PCR amplified with the following sense and antisense primers for leptin (28) : sense, CCTATCCACAAAGTCCAGGA; antisense, ATGTCCTGCA GAGAGCCCTG. The PCR was ''hot started,'' and the PCR parameters were as follows: denaturation at 95°C for 30 s, annealing at 55°C for 40 s, and extension at 72°C for 45 s for a total of 35 cycles.
Statistical analysis. We have found that the magnitude of leptin secretion from control adipocytes (incubated in the absence of leptin secretagogues) varied considerably from one set of experiments to the next. Methodological conditions that caused variation in the leptin secretory rate included the type of anesthetic agent, the length of exposure to the anesthetic agent Metofane, the concentration of collagenase, the time of exposure to collagenase, the type and lot of collagenase, the anatomic localization of fat cells in the epididymal fat pad (tip vs. base), substrates within the incubation medium, the ''gentleness'' of the washes, the size of the animal, and the size of the epididymal fat pad. Other unknown conditions must be playing roles in the magnitude of leptin release from adipocytes because, despite our best efforts to control for the above conditions, the release of leptin from control cells still varied up to fivefold from experiment to experiment. Because of the variation in the absolute amount of leptin released in control cells, some of the data were expressed as a degree of increase or decrease in leptin concentration in medium bathing cells treated with leptin secretagogues or inhibitors (experimental group) vs. the leptin concentration in medium bathing cells without leptin secretagogues or inhibitors (control group). Equal aliquots of adipocytes from pooled cells provided similar numbers of cells from the experimental and control groups in one experiment. To determine if the fractional change was statistically significant, we performed a one-sample t-test, two-tailed, different from 1.0 (version 1.15; GraphPad Instat software). If two experimental conditions were compared, we performed an unpaired t-test, two-tailed (version 2.01; GraphPad Prism). We provide the absolute leptin concentration Ϯ SE and the range of the leptin concentration in the medium from the control group in the legends for Figs. 1-8.
RESULTS
Three to four hours after the intravenous infusion of total parenteral nutrition, or glucose, or after the ad libitum feeding of a regular chow diet, rat serum leptin levels increased approximately threefold more than fasting serum leptin levels (17, 36) . To determine if glucose and insulin stimulate leptin release in vitro in a time frame consistent with whole animal studies, isolated adipocytes were incubated with various doses of glucose without or with insulin. After 4 h, the concentration of leptin in the medium was measured. As shown in Fig. 1 , glucose significantly stimulated leptin release in the medium in a dose-responsive manner. In this experiment, 25 mM glucose increased leptin secretion by ϳ3.5-fold. We did not observe additional significant increases in leptin release by insulin in the control or glucose-treated groups in this small experiment (n ϭ 3). However, when we combined several experiments with adipocytes incubated with 25 mM glucose without or with insulin (100 ng/ml) for 4 h, insulin increased leptin secretion by an additional 1.26 Ϯ 0.08-fold (n ϭ 12, P Ͻ 0.01). To determine if energy-producing substrates other than glucose stimulate leptin release, isolated adipocytes were incubated with equal concentrations (25 mM) of D-glucose, fructose, alanine, and pyruvate in the absence or presence of insulin (100 ng/ml). As controls, adipocytes were also incubated with substrates that cannot be metabolized by cells. In the experiment shown in Fig. 2 , D-glucose increased leptin secretion by 2.13-fold (P Ͻ 0.05). Leptin secretion in cells incubated with the nonmetabolized carbohydrates L-glucose and galactose was not statistically different from hormone secretion from control cells. Fructose, alanine, and pyruvate increased leptin secretion 1.8 Ϯ 0.15 (P Ͻ 0. 05)-, 1.74 Ϯ 0.13 (P Ͻ 0.05)-, and 1.70 Ϯ 0.18 (P Ͻ 0.05)-fold compared with control cells. The effects of insulin to further stimulate leptin release were small and statistically significant in cells treated with alanine and pyruvate.
Adipocytes incubated with energy-producing substrates stimulate leptin secretion. Energy-neutral substrates have no effect on leptin secretion. We next examined the effects of energy depletion on leptin secretion. Incubation of cells with 2-DG has been demonstrated to deplete intracellular energy (23, 35) . To verify that 2-DG depletes isolated adipocytes of intracellular energy, equal numbers of cells were incubated in base DMEM supplemented without (control) or with glucose plus insulin or with 2-DG. A time course of intracellular ATP concentrations, as measured by bioluminescence, is shown in Fig. 3A . In control cells, there is a steady decline in the intracellular concentration of ATP, because ATP utilization exceeds ATP generation in cells that are incubated in a medium that contains no glucose. The final ATP concentration is approximately one-third the initial ATP concentration. Glucose and insulin stimulate a steady rise in ATP for 2 h and then plateau. The final ATP concentration is ϳ50% more than the initial ATP concentration. Even in the absence of glucose, 2-DG rapidly accelerates the decline in ATP Every substrate was not necessarily tested on the same day. Absolute leptin concentrations in medium from the control group were 2.24 Ϯ 0.68 ng/ml (range 1.18-5.59 ng/ml), n ϭ 6. * P Ͻ 0.05 (Student's t-test compared with degree of change in leptin concentration from cells incubated with either L-glucose or galactose). ** P Ͻ 0.05 (Student's t-test compared with degree of change in leptin concentration from cells incubated with same substrate but no insulin). http://ajpendo.physiology.org/ ng/ml of insulin. After 24 h, leptin secretion was stimulated 10-fold compared with cells incubated in base DMEM, demonstrating that adipocytes exposed to 2-DG remained functionally viable (data not shown).
We next studied the effect of insulin and glucose on leptin gene expression to better understand the mechanism of insulin and glucose-mediated leptin release. As shown in Fig. 4 , inset, glucose and/or insulin had no effect on cyclophilin gene expression; the expression of the cyclophilin gene served as a good control for RNA loading and transfers. On the other hand, glucose or glucose plus insulin increased leptin gene expression in a dose-dependent manner. Quantitative phosphorimaging of three separate experiments revealed that leptin gene expression increased by 18 and 25% in adipocytes incubated with 15 and 25 mM glucose, respectively, compared with cells incubated with 5.6 mM glucose. In the presence of insulin, leptin mRNA levels increased ϳ30-40% at all glucose concentrations. Therefore, leptin mRNA levels were ϳ60% greater in cells incubated with 25 mM glucose and 100 ng/ml of insulin compared with cells incubated in DMEM without supplementation with glucose and insulin.
The secretion of several hormones depends on a rise in intracellular calcium. Incubation of secretory cells in a calcium-free medium will rapidly deplete intracellular calcium and will markedly inhibit calcium-responsive hormone release. To determine the role of intracellular calcium depletion on leptin secretion, isolated adipocytes were incubated in a calcium-free medium with the addition of the extracellular calcium chelator EGTA (100 µM). After 1 h, the medium was supplemented without or with glucose plus insulin, with calcium, or with glucose, insulin, and calcium. A time course of leptin release is shown in Fig. 5 . In the absence of calcium, leptin is slowly released, increasing ϳ50% between hours 1 and 2 and an additional 25% between hours 2 and 5. The addition of calcium increases leptin secretion by twofold in 5 h. The glucose plus insulin-mediated leptin release is dependent on calcium. In the absence of calcium, glucose and insulin have minimal effect in stimulating leptin release. However, in the presence of calcium, glucose plus insulin Fig. 4 . Leptin and cyclophilin RNA levels in adipocytes incubated with glucose and insulin. Adipocytes were incubated in full DMEM with the addition of various concentrations of glucose (final concentration ϭ 5.6-25 mM glucose) and in the absence and presence of 100 ng/ml of insulin. After 4 h, RNA was extracted, and Northern analysis was performed with the cDNA probes for leptin and cyclophilin. Inset: representative Northern analysis. Bands were quantified by phosphorimaging. Each data point represents the mean Ϯ SE (n ϭ 3) of normalized leptin RNA (intensity of leptin band/intensity of cyclophilin band) from cells of each experimental group divided by normalized leptin RNA from cells incubated with 5.6 mM glucose alone. stimulate leptin secretion by approximately fivefold. No stimulation of leptin secretion could be detected in the 1st h in the presence of these secretagogues.
To verify that intracellular calcium flux was necessary for mediating leptin secretion by glucose and insulin, we measured glucose plus insulin-mediated leptin release in the presence of the intracellular calcium chelator BAPTA-AM. Preincubation with BAPTA-AM inhibited leptin secretion by ϳ50%, as shown in Fig. 6 . BAPTA-AM had no effect on leptin secretion from cells not incubated with glucose and insulin (data not shown). Chelating intracellular calcium does not prevent leptin release but prevents substrate-mediated leptin secretion.
To determine if glucose plus insulin mediate leptin secretion through stimulation of calcium channels, adipocytes were incubated for 4 h with the leptin secretagogues in the absence and presence of various concentrations of calcium channel blockers. Nimodipine and verapamil had no effect on leptin secretion. The nonspecific calcium channel blockers NiCl 2 and CdCl 2 inhibited glucose plus insulin-mediated leptin release, as shown in Fig. 7 . The sensitivity of the inhibitory response was different with the two cations. The concentration of cation at which one-half of the maximal leptin secretory response was inhibited was ϳ1 and 10 mM for CdCl 2 and NiCl 2 , respectively.
The intracellular mechanism for substrate-mediated coupling to leptin secretion was investigated. Previous studies have suggested that the hexosamine biosynthetic pathway is a cellular ''sensor'' of energy availability and mediates the effects of glucose on the expression of the ob gene (38) . We therefore incubated isolated adipocytes with various concentrations of glucosamine (0.1, 1, 10, and 25 mM) in complete DMEM and measured the release of leptin after 4 h. Glucosamine did not stimulate leptin secretion in our primary cell system (data not shown). Energy generation and closure of ATP-sensitive potassium channels have also been shown to couple glucose delivery to hormone secretion. To determine if potassium channels play a role in leptin secretion, adipocytes were incubated with the potassium channel stimulator diazoxide. Diazoxide inhibits both basal and the glucose plus insulinmediated leptin secretion from adipocytes in a dosedependent manner, as shown in Fig. 8 .
The time course of leptin release in the absence and presence of calcium suggests that, functionally, leptin secretion is dually regulated; basal or spontaneous leptin secretion is largely calcium independent, and substrate-mediated leptin secretion is calcium dependent. These two functionally distinct in vitro pathways of leptin secretion may partially explain why a dual regulation of leptin secretion is observed in whole animal studies. We hypothesize that the basal calciumindependent pathway regulates leptin release that is responsive to adiposity and that the acute, calciumdependent, pathway regulates leptin release that is responsive to changes in energy flux. Our hypothesis would predict that spontaneous leptin secretion should vary directly with adiposity, even when incubated in the absence of calcium. We therefore measured leptin secretion in calcium-free medium, bathing adipocytes extracted from epididymal fat pads from animals with various weights (from ϳ220 to 463 g). As shown in 
DISCUSSION
We have shown that substrates that produce intracellular energy within adipocytes enhanced leptin secretion. D-Glucose, fructose, pyruvate, and alanine all stimulated leptin secretion, whereas substrates that are not metabolized, such as L-glucose and galactose, had no effect on leptin secretion. Furthermore, substrates that deplete intracellular energy, such as 2-DG (23, 35), inhibited leptin release. A previous study also demonstrated that glucose delivery and metabolism stimulated leptin release from cultured adipocytes (26) . Our studies differ in a couple of ways. First, we demonstrated leptin release from isolated adipocytes in suspension rather than adipocytes attached to a solid support. Second, in the previous report, most of the stimulatory effect of the substrate was demonstrated after 24 h in culture. We demonstrated that incubation of cells with energy-producing substrates stimulated leptin release within hours, a time frame consistent with the rise in serum leptin observed after rodents ingest a meal or are infused with total parenteral nutrition. Consistent with a number of different laboratories, we have also shown that insulin stimulated leptin secretion. However, the magnitude of leptin secretion in response to maximal concentrations of insulin was much less than maximal concentrations of energy-producing substrates. We propose that insulin regulates leptin release from adipocytes in at least two ways. We and others have demonstrated that insulin enhances leptin gene expression and therefore probably enhances efflux of leptin through a constitutive or spontaneous pathway. Second, insulin indirectly stimulates leptin release by mediating nutrient transport, thus providing cells with the substrate necessary for the generation of intracellular energy.
Glucose, fructose, pyruvate, and alanine are all metabolized via the glycolytic pathway, although each enters the pathway at a different point. The rate of leptin secretion was comparable in the presence of any of these substrates, but leptin release was very slow when all substrates were omitted from the medium. Thus the presence of substrate and ongoing glycolysis appears to enhance leptin secretion, and the steps distal to pyruvate seem to be of particular importance. Furthermore, the fact that leptin secretion occurs at an enhanced rate in the presence of fructose, pyruvate, lactate, and alanine, which do not enter cells via the glucose transport carrier to any appreciable extent, indicates that ongoing flux through the glucose transport system is not a prerequisite for leptin secretion to occur.
Leptin secretion appears to be dually regulated. Adipocytes deprived of nutrient and insulin released leptin at a slow and relatively constant rate. This basal, spontaneous leptin secretion was largely independent of intracellular calcium. However, spontaneous leptin secretion was regulated; the secretory rate was dependent on the synthesis of leptin and varied according to the size and triglyceride stores of the cell. When incubated without calcium, adipocytes obtained from Each data point represents the mean Ϯ SE; nos. in parentheses are no. of experiments. Isolated adipocytes were extracted from animals with the indicated weights, as described in METHODS. For all weight classes except the smallest, fat pads from 2 animals were required to obtain isolated adipocytes for 1 experiment. In the smallest animals, at least 3 animals were needed to obtain enough adipocytes for 1 experiment. The cultured adipocytes were then incubated in calciumfree MEM (M4767) supplemented with 100 µM EGTA, 1 mM pyruvate, and 0.5% BSA. Leptin concentration in the medium was normalized to 10 6 cells. Weights of the animals were highly (P Ͻ 0.0001) statistically different from one another. Fat pad weights were highly (at least P Ͻ 0. http://ajpendo.physiology.org/ older and fatter animals secreted more leptin than adipocytes obtained from younger and thinner animals. We hypothesize that the spontaneous leptin secretion is responsible for the chronic, adiposity-mediated regulation of leptin secretion observed in whole animal studies. We also provided evidence that leptin secretion is acutely regulated by a substrate and calcium-dependent mechanism. Glucose and insulin markedly increased leptin secretory rates compared with the spontaneous secretory rate. In contrast to the calciumindependent regulation of spontaneous leptin secretion, the substrate-mediated stimulation was completely inhibited if cells were incubated in the absence of calcium or if calcium was removed with either extracellular or intracellular calcium chelators. Although we propose two functionally distinct pathways, we provide no evidence that these pathways are anatomically distinct. It is still very possible that glucose, insulin, and calcium are accelerating a spontaneous or basal leptin secretory rate.
The stimulus-secretion coupling mechanism for the regulatory pathway is incompletely understood. We and others have demonstrated that insulin, in the presence of glucose, stimulates leptin gene expression (33, 41) . In the present study, we have shown that glucose, even in the absence of insulin, stimulates leptin gene expression. However, regulation of protein synthesis may not be the only mechanism of substrateinduced leptin secretion. Evidence that cytosolic pools of leptin may be acutely released by leptin secretagogues is accumulating. For instance, Barr et al. (1) have demonstrated that insulin-mediated leptin secretion from adipocytes occurs well before a cell is capable of de novo synthesis of a hormone and release from the plasma membrane. In addition, Bradley and Cheatham (3) have demonstrated that the insulin-stimulated leptin release from adipocytes occurs even in the presence of transcription and protein synthesis inhibition (3). Both investigators have argued that their data are consistent with the view that insulin acutely mobilizes preformed pools of leptin in rat adipocytes. We were unable to verify the very quick time frame of glucose plus insulin-mediated leptin release described by Barr et al. (1) . However, we believe that our data best fit the model that release of stored cytosolic pools of leptin is stimulated by energy and calcium-dependent processes. That the time frame of release of leptin is Ͼ1 h does not exclude this model. Gaur et al. (11) have found that deprivation of growth hormone regulates intracellular calcium in rat epididymal adipocytes by regulating the distribution of L-type calcium channels; changes in intracellular calcium are observed after 3 h. This group (12) also found that insulin produces a growth hormone-like increase in intracellular free calcium concentration in adipocytes treated with a phosphatase inhibitor. Again, the time course for the insulin effect was in the 1-h time range, not in the minute range that we expect with calcium channel activators in excitable tissue or neurosecretory cells.
We also studied mechanisms for stimulus-leptin secretion coupling in isolated adipocytes. Wang et al. (38) have proposed that the hexosamine biosynthetic pathway is a cellular sensor of energy availability and mediates the effects of glucose on the expression of the leptin gene. We failed to show an effect of glucosamine on leptin secretion in our in vitro system. Rather, we provided evidence that calcium flux and perhaps potassium channels play roles in coupling substrate metabolism with leptin release. When potassium channels were stimulated with diazoxide, glucose plus insulinmediated leptin secretion was inhibited. This is compatible with the hypothesis that glucose metabolism within adipocytes results in increased energy and reducing equivalents that mediate the closure of ATP-sensitive potassium channels and a rise in intracellular calcium and leptin secretion. Electrophysiological studies of ionic flux in adipocytes and the protein structures and channels responsible for transport of ions are limited.
Substrate-mediated hormone release is not unique to the adipocyte. Obviously, the best-studied example of a cell that secretes a hormone in response to the metabolism of an energy-producing substrate is the pancreatic ␤-cell (for review, see Refs. 22 and 27) . There appear to be several similarities between the secretion of leptin and insulin, two hormones intimately associated with energy disposal and body weight homeostasis. Substrate-mediated hormone secretion by adipocytes and ␤-cells requires substrate metabolism and a rise in intracellular calcium. In addition, glucose stimulates gene expression of both hormones. Despite the similarities, there are several differences in the mechanism of insulin release from the ␤-cell and leptin release from adipocytes. First, glucose stimulates the exocytosis of insulin-containing cytosolic vesicles. Leptin staining within Golgi or in secretory vesicles has not been detected (1) . Pilot studies from the laboratory of Bradley and Cheatham (3) have demonstrated that leptin may be stored in a subcellular internal membrane fraction. In addition, calcium-mediated insulin release is partially mediated by opening dihydropyridinesensitive calcium channels. Calcium channel blockers, such as nimodipine and verapamil, had no effect in blocking substrate-mediated leptin secretion. Last, glucose stimulates insulin release from cultured islets within minutes. However, the time course of substratemediated leptin release is much longer.
We also demonstrated that leptin was released from adipocytes in a calcium-independent and -dependent manner. The mechanism of how calcium regulates leptin secretion remains unclear. Past studies in adipocytes demonstrate conflicting results about whether glucose and insulin stimulate a rise in intracellular calcium. One group of investigators has demonstrated an increase in intracellular calcium when isolated adipocytes were incubated with either insulin or glucose or sulfonylureas (8, 9, 34) . However, in a study performed at the National Institutes of Health (NIH; see Ref. 16) , there was no detection of an insulinmediated effect on adipocyte intracellular calcium. It must be noted that, in the NIH study, adipocytes were incubated in only 2 mM glucose. If insulin mediates calcium channel opening by increasing the delivery and http://ajpendo.physiology.org/ metabolism of substrates, perhaps the 2 mM glucose concentration was insufficient to affect changes in intracellular energy generation and calcium channel activity. Calcium channels have never been cloned or isolated from adipocytes, but there is evidence that they functionally exist. Adipocyte glucose transport activity appears to be modulated by dihydropyridinesensitive, voltage-dependent calcium channels (2, 31) . Whether calcium channels play a role in leptin secretion awaits further investigation.
